Immune responses are compromised in the elderly, resulting in increased frequency and severity of infectious diseases and impaired responsiveness to vaccination. In response to infection, T cells rapidly proliferate and differentiate into specialized subpopulations that defend against encountered threats. T lymphocytes are among the immune cell populations most detrimentally affected by aging, displaying compromised effector functions and impaired T cell memory formation ([@r1]). A key factor contributing to these defects is depletion of the naïve T cell pool ([@r2], [@r3]) and reduced responsiveness of existing cells ([@r4], [@r5]).

Rewiring of intracellular metabolism is key for T cell activation and effector functions, but the metabolic changes in T cells during aging are not well understood. T cell receptor activation and costimulatory signals increase fuel uptake and metabolism to generate precursors for synthesis of macromolecules, fulfill increased energy demands, and enable stress responses ([@r6]). To facilitate this high metabolic demand, activated T cells up-regulate glycolysis, glutaminolysis, mitochondrial biogenesis, and oxidative phosphorylation (OXPHOS) ([@r6][@r7][@r8]--[@r9]). Previously, we and others identified mitochondrial one-carbon metabolism as one of the most induced metabolic pathways in early T cell activation ([@r8], [@r10]). One-carbon metabolism utilizes serine to generate one-carbon units for purine and thymidine biosynthesis and contributes to redox homeostasis by generating glycine for glutathione synthesis and NADPH for reduction of oxidized thioredoxin and glutathione ([@r11]). One-carbon metabolism also contributes to mitochondrial protein synthesis, supporting OXPHOS ([@r12], [@r13]). T cells with low levels of one-carbon metabolism show impaired proliferation and increased DNA damage, leading to cell death ([@r8]). Moreover, serine starvation impairs T cell expansion ([@r14]).

Considering the importance of mitochondrial adaptation and metabolism during early T cell activation, we set out to systematically test whether aged T cells (from 20-mo-old mice) demonstrated altered mitochondrial function. Activation of T cells from aged mice induced mitochondrial biogenesis, but yielded smaller mitochondria with lower respiratory capacity compared with young animals. Likewise, analysis of intracellular metabolites by mass spectrometry confirmed an overall reduction in activation-induced metabolism, manifested by decreased levels of metabolites in glycolysis, the pentose phosphate pathway (PPP), and the TCA cycle. Finally, we defined the proteome of aged T cells during activation using quantitative mass spectrometry. This analysis identified a specific defect in the induction of enzymes in mitochondrial one-carbon metabolism. Replenishing one-carbon metabolism reinvigorated the function of aged T cells.

Results {#s1}
=======

Naïve CD4^+^ T Cells Are Scarce in Aged Mice and Fail to Properly Activate in Response to Stimulation. {#s2}
------------------------------------------------------------------------------------------------------

To identify changes in T cell populations during aging, we analyzed T cells from the spleens of young and aged C57BL/6 mice. In agreement with previous studies ([@r1]), we identified an overall reduction in T cell frequency and number in the spleen ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)), a ∼2.5-fold increase in Foxp3^+^ T regulatory cells, and more than fivefold decrease in the percentage of T conventional cells with a naïve phenotype (CD4^+^CD25^−^CD62L^+^CD44^lo^). To test whether naïve T cells in aged mice retained function, we sorted naïve CD4^+^ T cells from young and aged mice and activated them ex vivo using plate-bound anti-CD3/anti-CD28 antibodies ([Fig. 1*A*](#fig01){ref-type="fig"}). Naïve CD4^+^ T cells from aged mice were inferior to young CD4^+^ T cells in all parameters tested, showing reduced cell growth ([Fig. 1*B*](#fig01){ref-type="fig"}), lower IL-2 secretion ([Fig. 1*C*](#fig01){ref-type="fig"}), reduced expression of early activation markers ([Fig. 1*D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)), as well as a 50% increase in cell death at 48 h postactivation ([Fig. 1*E*](#fig01){ref-type="fig"}).

![Naïve CD4^+^ T cells in aged mice respond poorly to stimulation. (*A*) Splenocytes were isolated from young and aged mice, enriched for CD4^+^ T cells using anti-CD4 magnetic beads, and sorted by flow cytometry to yield a pure naïve CD4^+^ T cell population (CD4^+^CD25^−^CD62L^+^CD44^lo^; purity \>99%) and stimulated ex vivo using plate-bound anti-CD3/anti-CD28. Cultured cells were harvested at 24 h and analyzed by flow cytometry to assess (*B*) cell size, (*C*) IL-2 concentration in culture media, (*D*) expression of early activation markers: CD69 and CD25, and (*E*) cell death by 7-AAD incorporation. To assess proliferation, cells were loaded with CFSE and analyzed by flow cytometry at 48 h postactivation. Cell divisions were detected by dilution of the CFSE. (*F*) Quantitation of cell division, showing the percentage of cells in each generation. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 (Student's *t* test comparing young vs. aged T cells). Data are representative of at least two independent experiments.](pnas.1804149115fig01){#fig01}

To assess the proliferative capacity of aged naïve T cells, we labeled naïve CD4^+^ T cells with carboxyfluorescein succinimidyl ester (CFSE), a cell permeable dye, and assessed CFSE dilution at 48 h postactivation. Aged T cells had an increased percentage of nondividing cells (generation = 0) and a decreased percentage of cells that underwent two cell divisions (generation = 2; [Fig. 1*F*](#fig01){ref-type="fig"}). Thus, we observed a significant contraction of the naïve T cell pool in aged mice, and the existing aged naïve CD4^+^ T cells exhibited diminished activation and function in response to stimulation.

Metabolism Is Defective in T Cells from Aged Mice. {#s3}
--------------------------------------------------

Our recent work identified a program of mitochondrial biogenesis that is initiated upon naïve T cell stimulation and is critical for T cell activation and survival ([@r8]). To test whether T cell mitochondrial biogenesis declined with age, naïve CD4^+^ T cells from young and aged mice were stimulated ex vivo for 24 h, followed by fixation and imaging by electron microscopy ([Fig. 2*A*](#fig02){ref-type="fig"}). While mitochondria numbers were similar ([Fig. 2*B*](#fig02){ref-type="fig"}), the mitochondria in stimulated T cells from aged mice were significantly smaller ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)), leading to a reduction in mitochondrial mass.

![The metabolic rewiring driven by T cell stimulation is defective in T cells from aged mice. (*A*) Representative electron micrograph (EM) images of young and aged T cells that were isolated and stimulated for 24 h, as described in [Fig. 1*A*](#fig01){ref-type="fig"}. (*B* and *C*) Quantitation of EM micrographs showing differences in the number (*B*) and surface area (*C*) of the mitochondria. Oxygen consumption rate (mitochondrial respiration) and extracellular acidification rate (indicator of glycolysis) measured in T cells from young and aged mice activated for 24 h, using the Seahorse Extracellular Flux Analyzer. (*D*) Basal respiration. (*E*) Maximal respiratory capacity was calculated based on the increase in oxygen consumption following treatment with FCCP, a mitochondrial uncoupler. (*F*) Glycolysis was assessed based on the changes in extracellular acidification rate following treatment with oligomycin, an ATP synthase inhibitor. (*G*) Major metabolic pathways involved in T cell activation. (*H*) Average fold change in metabolite levels for central metabolic pathways in activated aged vs. young CD4^+^ T cells. Fold change compared with average levels in young T cells was calculated. (*I*) Fold change of representative metabolites in young vs. aged T cells. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 (Student's *t* test comparing young vs. aged T cells). Data are representative of at least two independent experiments.](pnas.1804149115fig02){#fig02}

Analysis of oxygen consumption rate (a measure of mitochondrial respiration) in activated naïve CD4^+^ T cells from young and aged mice revealed a significant reduction in basal respiration ([Fig. 2*D*](#fig02){ref-type="fig"}) and maximal respiratory capacity ([Fig. 2*E*](#fig02){ref-type="fig"}) in aged T cells. Although respiration impairment often induces a compensatory increase in glycolysis, in aged T cells, extracellular acidification rate (a measure of glycolysis) also was decreased ([Fig. 2*F*](#fig02){ref-type="fig"}). Consistent with decreased glycolysis and respiration, levels of central carbon intermediates in glycolysis, the PPP, and the TCA cycle were lower in T cells from aged mice ([Fig. 2 *G--I*](#fig02){ref-type="fig"}). Moreover, purines, pyrimidines, and NADPH were also decreased. In contrast, fatty acids, acyl carnitines, amino acids, and phosphoserine were higher in the aged T cells, perhaps reflecting impaired consumption of these metabolites due to slower respiration and protein synthesis. Thus, upon their activation, naïve CD4^+^ T cells from aged mice have broad-based defects in central carbon metabolism ([Fig. 2 *H* and *I*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)).

Quantitative Proteomics Identifies Changes in Mitochondrial Composition Between Young and Aged T Cells. {#s4}
-------------------------------------------------------------------------------------------------------

To quantify the proteome of young and aged T cells, we employed tandem mass spectrometry after isobaric peptide tagging (TMT) in naïve versus activated CD4^+^ T cells from young and aged mice ([Fig. 3*A*](#fig03){ref-type="fig"}) and determined dynamic changes in \>3,600 proteins ([Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)). According to principal component analysis (PCA), the largest changes in protein composition were induced by activation (PCA1 represents 85.99% of the variance and separates between 4 and 24 h). Protein composition of T cells from young and aged mice was different at 0 and 24 h postactivation (PCA2 represents 12.79% of the variance and separates between young and aged T cells at T = 0 h and T = 24 h). PCA3 (0.5% of the variance) separates all replicates ([Fig. 3*B*](#fig03){ref-type="fig"}). At the 24-h time point, we identified an attenuation of fold-change increase in protein content in aged compared with young T cells ([Fig. 3*C*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)), in agreement with the reduced size of aged T cells ([Fig. 1*B*](#fig01){ref-type="fig"}) and their accumulation of free amino acids ([Fig. 2*H*](#fig02){ref-type="fig"}).

![Quantitative proteomics identifies distinct activation-induced changes in the proteome between young and aged T cells. (*A*) Naïve CD4^+^ T cells from young and aged mice were activated using plate-bound anti-CD3/anti-CD28, collected, and processed by protein extraction and digestion. We quantified two separate pools of mice for every age group at 4 and 24 h postactivation, and one representative naïve cell sample. The peptides from each of the 10 samples were labeled with a specific TMT label. Peptides were pooled based on cell numbers and analyzed by LC-MS^3^ to quantify proteins. (*B*) Principal component analysis. (*C*) Distribution of fold-change induction in protein content at 24 h postactivation. (*D*) Proteins were clustered based on magnitude and kinetics of expression in young T cells (blue). The expression of the same cluster of proteins in aged T cells is shown in red. Three representative clusters are shown (see [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental) for clusters 4--12). Kegg pathway analysis identified the specific metabolic pathways enriched within each cluster. (*E*) List of the proteins in cluster 1.](pnas.1804149115fig03){#fig03}

Overall, aged T cells demonstrated a lower induction of proteins upon activation compared with young T cells. A total of 150 proteins were induced at least twofold less in aged T cells ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental) and [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)) and included proteins associated with inflammation and immune regulation, such as Vnn1 ([@r15]), Nfkbid ([@r16]), and foxp4 ([@r17]). Interestingly, the majority of these proteins are not well studied in the context of immune cell function and may highlight pathways contributing to immunosenescence. We further identified 40 proteins that were elevated at least twofold more in aged T cells compared with young T cells ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental) and [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)), suggesting that the aged T cell phenotypes were not solely due to blunted activation. The proteins most induced in activated aged T cells included Gm16519, a predicted ribosomal protein; Iglc2, an immunoglobulin; and Bicd2, involved in Golgi trafficking ([@r18]). While immunoglobulins are generated by B lymphocytes, our proteomic data from sorted T cells did not detect other B cell markers such as CD19, ruling out a general B cell contamination. One possible explanation for detection of Iglc2 is attachment of the antibody to the T cells' surface, that is not completely excluded by the wash.

To identify functional patterns during activation, proteins were grouped based on the kinetics and magnitude of induction in young cells ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)). Cluster 1 contains early and highly induced proteins in young T cells and includes known transcription regulators of T cell activation and early activation markers ([Fig. 3*E*](#fig03){ref-type="fig"}). Induction of proteins in this cluster was delayed in aged cells, and most show no induction at 4 h poststimulation. Pathways associated with nucleic acids were enriched in young T cells within the second most highly induced cluster (cluster 2), whereas proteins associated with OXPHOS, TCA cycle, glycolysis, and fatty acid oxidation (FAO) were enriched within the least induced cluster (cluster 3).

Given the substantial defects in respiration in the aged T cells, we also inspected the mitochondrial proteome. We used the Mitocarta database as a filter to generate a list of 469 mitochondrial proteins detected in our dataset ([@r19]). There was a slight decrease in magnitude of fold-change induction in aged compared with young T cells ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}), consistent with reduced mitochondrial mass. The top 20 overinduced and underinduced proteins are listed in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental). Analysis of central metabolic pathways in the mitochondria ([Fig. 4*C*](#fig04){ref-type="fig"}) demonstrated that enzymes involved in TCA cycle, electron transport chain (ETC), and FAO were similarly induced in young and aged T cells ([Fig. 4*D*](#fig04){ref-type="fig"}). Strikingly, the least induced metabolic pathway in aged T cells was one-carbon metabolism; enzymes in this pathway were induced ∼35% less in aged T cells compared with young ones ([Fig. 4*D*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)).

![Induction of mitochondrial enzymes of one-carbon metabolism is defective in aged T cells. (*A*) Distribution of mitochondrial proteome induction following CD4^+^ T cell activation in young (blue) and aged (red) T cells. (*B*) Log2 ratio of fold-change induction (activated/naïve) in mitochondrial proteome in aged vs. young T cells. Highlighted are proteins with the greatest differences in induction rate between young and aged cells. In yellow: proteins that were induced more in aged cells. In orange: proteins that were induced less in the aged cells. (*C*) Central metabolic pathways in the mitochondria. (*D*) Ratio of fold change (fold-change aged vs. fold-change young) of enzymes in central metabolic pathways in the mitochondria. (*E*) Mitochondrial proteome was clustered following application of the ccRemover algorithm, based on magnitude and kinetics of expression in young T cells (blue). Expression of the same cluster of proteins in aged T cells is shown in red. Kegg pathway analysis identified specific metabolic pathways enriched within each cluster. \*\**P* \< 0.01, \*\*\**P* \< 0.001 (Student's *t* test).](pnas.1804149115fig04){#fig04}

Our analysis of young and aged T cells was performed at 24 h postactivation, before proliferation occurs. To further validate that the observed differences in mitochondrial proteome are not due to differences in cell cycle, we reanalyzed our proteomic dataset after applying the ccRemover algorithm to remove cell cycle effects ([@r20]). Mitochondrial proteins were then grouped into clusters based on kinetics and magnitude of activation ([Fig. 4*E*](#fig04){ref-type="fig"}). Consistent with our findings, one-carbon metabolism was enriched within clusters 2 and 3, in which we observed a difference in magnitude between young and aged T cells. This analysis identified enrichment in enzymes associated with pyrimidine metabolism within cluster 1, the cluster most suppressed with aging ([Fig. 4*E*](#fig04){ref-type="fig"}).

Ex Vivo Activation of Aged T Cells Is Partially Rescued by Addition of Metabolites in One-Carbon Metabolism. {#s5}
------------------------------------------------------------------------------------------------------------

The markedly compromised induction of enzymes in one-carbon metabolism led us to hypothesize that the addition of metabolites in this pathway would improve the outcome of activation of naïve T cells. To test this idea, we examined whether addition of glycine and formate ([Fig. 5*A*](#fig05){ref-type="fig"}) to naïve aged CD4^+^ T cells during initial activation could improve their survival and function ([Fig. 5*B*](#fig05){ref-type="fig"}). Addition of formate and glycine to growth media reduced cell death to levels similar to those found in untreated young cells ([Fig. 5*C*](#fig05){ref-type="fig"}). For both young and aged CD4^+^ T cells, cell growth positively correlated with the strength of the activation signal. Under a weak stimulation (1 μg/mL anti-CD3 and anti-CD28), supplementation of formate and glycine slightly increased cell growth in both populations ([*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)). Under a strong stimulation (with 4 μg/mL anti-CD3 and anti-CD28), metabolite supplementation increased cell growth only in aged T cells, suggesting that under these conditions young T cells have maximized their growth potential ([Fig. 5 *D* and *E*](#fig05){ref-type="fig"}). CD69 expression was lower in aged T cells compared with young, and slightly increased with the treatment under a weak stimulation ([*SI Appendix*, Fig. S5 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)). To test the effect of metabolite supplementation on proliferation, young and aged T cells were labeled with CellTrace Violet (CTV) before stimulation. The rate of proliferation increased with the stronger stimulation conditions and was lower in aged T cells under both conditions ([Fig. 5 *F* and *G*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental)). Addition of formate and glycine to aged T cells modestly enhanced proliferation ([Fig. 5 *F* and *G*](#fig05){ref-type="fig"}). IL-2 secretion was evaluated under strong stimulus and was similarly increased by metabolite supplementation to young and aged T cells ([Fig. 5*H*](#fig05){ref-type="fig"}). These studies demonstrate that metabolites, which restore one-carbon metabolism, were sufficient to rescue survival and function of aged T cells ex vivo.

![Adding back metabolites of one-carbon metabolism improves activation and survival of aged T cells ex vivo. (*A*) Mitochondrial one-carbon metabolism: One carbon from serine is transferred to tetrahydrofolate (THF) to form glycine and methylene-THF that is further oxidized to formate. (*B*) Naïve CD4^+^ T cells were isolated from young and aged mice, as described in [Fig. 1*A*](#fig01){ref-type="fig"}, and activated with plate-bound anti-CD3/anti-CD28 (4 μg/mL each, unless otherwise indicated). Culture media were supplemented with formate + glycine, or no metabolites (control cells). Cells were harvested at 24 or 48 h postactivation and analyzed by flow cytometry. (*C*) Percentage of cell death (measured by 7AAD incorporation). (*D*) Representative flow cytometry plots showing activation-induced cell growth. (*E*) Cell size as a function of anti-CD3 and anti-CD28 concentration. To assess proliferation, cells were loaded with CTV and analyzed by flow cytometry at 48 h postactivation. Cell divisions were detected by dilution of the CTV. (*F*) Representative flow cytometry plots showing dilution of CellTrace Violet staining in young and aged T cells. (*G*) Quantitation of cell division, showing the percentage of cells in each generation. (*H*) IL-2 secretion was analyzed by measuring IL-2 concentration in growth media. A pool of two experiments, showing the ratio between IL-2 levels in the media of treated vs. untreated cells. \**P* \< 0.05, \*\*\**P* \< 0.001 (Student's *t* test comparing each treatment group to its untreated control, and the aged controls to young controls, when marked by a line). Data are representative of at least two independent experiments.](pnas.1804149115fig05){#fig05}

Discussion {#s6}
==========

In this study we performed a side-by-side comparison of mitochondrial biogenesis, intracellular metabolites, and quantitative proteomics in young versus aged T cells. We found cell-intrinsic defects in metabolism during the activation of aged naïve CD4^+^ T cells, including evidence of lower glycolysis and attenuated induction of one-carbon metabolism. Importantly, addition of metabolites in one-carbon metabolism partially rescued defects in activation of aged CD4^+^ T cells.

To investigate intrinsic deficits in aged naïve CD4^+^ T cells, we purified naïve CD4^+^ cells from aged mice and analyzed their activation ex vivo using anti-CD3/anti-CD28. This ex vivo approach eliminated the effect of other potential age-related factors, such as reduced efficiency of antigen uptake and/or presentation ([@r21]) and the increase in immune suppressor populations (e.g., regulatory T cells and myeloid derived suppressor cells) ([@r22]).

We found that mitochondrial mass and activation are reduced in stimulated aged compared with young T cells. Reduced mitochondrial activation may impair functionality by dysregulating critical early signaling events. For example, calcium buffering by the mitochondria at the immune synapse extends Ca^+2^-dependent signaling of key T cell activators NF-κB and NFAT ([@r23]). In addition, mitochondrial reactive oxygen species induce cytokine production through activation of NF-κB and AP-1 ([@r24]).

Our mass spectrometry-based analysis of intracellular metabolites was performed in an enriched metabolic environment (culture media), containing ample glucose (11 mM). However, aged T cells failed to properly activate intracellular metabolism. The cause of the decreased glycolytic flux in the aged T cells remains unclear. One possible mechanism for impaired glucose metabolism is reduced glucose uptake. Weakened TCR and costimulatory signaling in aged T cells may compromise the relocation of glucose transporters to the plasma membrane ([@r25]). Smaller pools of glycolytic intermediates could also reflect lower activity of glycolytic enzymes in aged T cells. However, our proteomic quantitation suggests that the enzymes involved in glycolysis, the TCA cycle, and the PPP are induced in activated aged T cells similarly to young cells. Possible alternate models include altered allosteric regulation of glycolysis, changes in ATP demand, or differences in protein localization. Importantly, not all intracellular metabolites were reduced in aged T cells. In fact, we identified an induction in metabolites of FAO. Stimulation of young T cells induces a metabolic switch in which these T cells stop burning fats and start synthesizing them ([@r9]). The increase in FAO metabolites in aged T cells further illustrates how metabolic adaptation is impaired in aged T cells.

Our previous studies defined one-carbon metabolism as the most induced metabolic pathway in T cell mitochondria during early activation ([@r8]). Moreover, genetic interference with one-carbon metabolism and/or limited substrate supplies reduced T cell expansion and survival ([@r8], [@r14]). Here, our analysis of the mitochondrial proteome highlighted one-carbon metabolism as particularly blunted in aged T cells. We demonstrate that providing metabolites in one-carbon metabolism to aged T cells resulted in improved activation and survival ex vivo. In agreement, in aged human fibroblasts, epigenetic changes suppress SHMT2 expression, and the related respiratory defect is reversed by supplementation of glycine ([@r26]). Further studies are needed to determine whether aged cells treated ex vivo by metabolite supplementation will perform better when introduced back into the aged mice.

Our studies define how stimulation-induced metabolic adaptation, a critical factor for successful T cell activation, is defective in aged T cells. It is not clear whether frail humans have a reduced naïve T cell pool. However, our findings suggest that in addition to studying the naïve T cell repertoire and pool size in the frail versus healthy aged, quantifying the metabolic fitness of the cells has the potential to identify new strategies for improving T cell function in the elderly.

Materials and Methods {#s7}
=====================

Mice. {#s8}
-----

Young (7--10 wk old) and aged (20--22 mo old) C57BL/6 mice were purchased from the National Institute on Aging. Female mice were used in all experiments unless otherwise stated. Experimental mice were housed in specific pathogen-free conditions at Harvard Medical School and used in accordance with animal care guidelines from the Harvard Medical School Standing Committee on Animals and the National Institutes of Health.

Culture and Stimulation of Naïve CD4^+^ T Cells. {#s9}
------------------------------------------------

Naïve T cells were isolated and activated ex vivo, as previously described ([@r8]). All details are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental).

Flow Cytometry. {#s10}
---------------

All details for cell processing and staining are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental). Data were analyzed on an LSR II (BD Biosciences) using standard filter sets and FlowJo software (TreeStar).

Electron Microscopy: Sample Preparation, Data Collection, and Analysis. {#s11}
-----------------------------------------------------------------------

T cells were processed as previously described ([@r8]). All details are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental). Imaging was done using a JEM-1400 transmission electron microscope (JEOL), and analyzed using Volocity 3D (PerkinElmer).

Metabolomics. {#s12}
-------------

Cellular metabolites in activated CD4^+^ T cells were quantified by liquid chromatography/MS. All details are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental). Data were analyzed using the MAVEN software suite ([@r27]). Metabolite abundance was normalized to cell count.

Proteomics Sample Preparation and Data Analysis. {#s13}
------------------------------------------------

All details on sample preparation and data extraction are given in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804149115/-/DCSupplemental). Fold-change data were Lowess normalized and collapsed into unique protein representation to average fold change of all peptides. Proteins were clustered based on the expression levels in young T cells using the Agglomerative Clustering function from the SciKit-Learn machine learning library in Python (<https://scikit-learn.org/stable/>). Clustering analysis compared a protein's abundance relative to naïve T cells at 4 and 24 h following activation, in each of two experimental replicates (so that four data points per protein were used for clustering). Values from the two replicates were averaged for drawing the curves in [Figs. 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}. All proteins were included in this analysis.

Statistical Analysis. {#s14}
---------------------

All analyses were performed with Prism (GraphPad).
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